Abstract: An Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N separate absorption and multiplication avalanche photodiode (APD) integrated with the 1-D photonic crystal (PC) filter with a three-period antireflection coating between the air and periodic PC units on the back of the sapphire substrate are designed and studied. The calculated results show that the designed Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD has a much higher gain and a steeper spectral responsivity cutoff edge in the solar-blind region, and its peak responsivity and ultraviolet/visible rejection ratio are enhanced near 110% and 230%, respectively, when compared with the conventional AlGaN APD. Moreover, the antireflection coatings used in the designed APD can obviously improve the spectral response curve and the spectral responsivity due to its significant suppression to the reflectivity the in solar-blind region.
Introduction
Solid-state AlGaN avalanche photodiodes (APDs) with Al mole faction exceeding 0.4 have intrinsic solar-blind characteristic and can be extensively utilized in military and civilian areas. During the past two decades, great progress has been made to improve the performance of the solarblind AlGaN APDs. McClintock et al. first reported a p-i-n type solar-blind AlGaN APDs with a maximum gain of 700 [1] . Then, the gain of 1560, 2500, and 4000 for p-i-n type and Schottky type solar-blind AlGaN APDs were achieved [2] - [4] . In 2007, McClintock et al. verified that in wurtzite GaN, the electron ionization coefficient is smaller than hole ionization coefficient [5] . In 2008, the novel back-illuminated separate absorption and multiplication (SAM) GaN APD was fabricated, and the gain of 4:12 Â 10 4 was obtained thanks to the hole-initiated ionization [6] . Since the SAM GaN APD was proposed, the back-illuminated SAM AlGaN APD has attracted increasing attention due to the higher hole ionization coefficient. Recently, the SAM AlGaN solarblind APDs with optical gain from 3000 to 1:2 Â 10 4 were obtained [7] , [8] , and the gain has been further improved to 2:1 Â 10 4 in our recent work by introducing a polarization electric field in Al 0.
4 Ga 0.6 N multiplication layer [9] . Compared to AlGaN APD, The visible-blind GaN APD develops relatively fast. To date, the avalanche gain larger than 10 3 in linear mode, and in the Geiger mode the gain larger than 10 7 have been successfully obtained due to the continuous improvement of the quality of GaN material [6] . However, for competing with photomultiplier tubes in many applications, the multiplication gain of AlGaN based APD should be further improved.
As we know, improving the gain of AlGaN solar-blind APDs is still a challenge because the high Al content AlGaN material exists some problems, such as low p-type doping efficiency, low carriers ionization coefficient, and high defect density. So, in our recent work we designed a SAM GaN/AlGaN solar-blind APD to enhance the APD performance by using GaN to substitute for AlGaN as a multiplication layer thanks to its merit of higher hole ionization coefficient of GaN material [10] . Meanwhile, we employed a 1-D dual-periodic photonic crystal (PC) to realize the solar-blind property. The reflectance spectrum of 1-D dual-periodic PC shows the reflectivity average value of 10% with , and the peak value about 30% near cutoff wavelength of 280 nm. Moreover, the reflectivity in photonic bandgap (PBG) is only 90%-99.9% because the number of layers of each-periodic PC is only half of that of 1-D dual-periodic PC. If we want to further increase the reflectivity in PBG by adding the periods of PC, the reflectivity in solar-blind region will be also increased correspondingly, which will significantly decrease the spectral responsivity and ultraviolet/visible rejection ratio of the AlGaN based APDs. In addition, increasing the number of layers of PC also increases the difficulties of processing.
In this work, we designed a 1-D PC filter that is composed of periodic PC units ðL=2 H L=2Þ m sandwiched between two anti-reflection coatings to realize the solar-blind property and improve the light transmittance with . Two anti-reflection coatings are similar to PC units except for a slight change in each layer thickness. The low refractive index and high refractive index layers for PC units and anti-reflection coating are all SiO 2 ðn ¼ 1:46Þ and Si 3 N 4 ðn ¼ 2:01Þ, respectively, as our previous work [10] . Considering the PBG of the 1D PC filter and ionization characteristic of AlGaN, we chose the Al 0.15 Ga 0.85 N as the multiplication layer for the designed AlGaN heterostructure APDs. The characteristics of the APDs with the designed filter on the back of the sapphire substrate are studied numerically.
Structure and Parameters
The designed Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N solar-blind APD consists of a p-i-n-i-n structure, as schematically shown in Fig. 1 
Results and Discussion
To achieve high light transmittance of the designed 1-D PC filter in solar-blind region, suitable coating thickness of two anti-reflection coatings must be selected. Fig. 2 shows the calculated effective refractive index of a Ã ðL=2 H L=2Þ structure at different constant a using transfer matrix method (TMM). The effective refractive indices of ideal anti-reflection coatings both between air and periodic PC units and between substrate and periodic PC units are also calculated as comparison, as shown in black and red solid lines in Fig. 2, respectively. From Fig. 2 , we can see that it is difficult for a Ã ðL=2 H L=2Þ structure to entirely match the ideal anti-reflection coating in whole solar-blind region due to the strong dispersion of refractive index, but the effective refractive index of a Ã ðL=2 H L=2Þ film matches well with that of the ideal anti-reflection coating between air and periodic PC units with the wavelength in the range of 253-277 nm when constant a is 1.04. Moreover, with the increased constant a, the wavelength at the intersection of two curves of a Ã ðL=2 H L=2Þ film and ideal anti-reflection coating between substrate and the periodic PC units appears blue shift. Therefore, we choose, in this work, 1.04* (L/2 H L/2) as the basic units of anti-reflection coating between air and periodic PC units, and 1.35* (L/2 H L/2) as the basic units of anti-reflection coating between substrate and periodic PC units by optimization.
The number of period of the anti-reflection coating of PC filter significantly affects the light transmittance in solar-blind region. In Fig. 3 19 , where the n ¼ 1:0 and n ¼ 1:76 are refractive index of air and sapphire substrate respectively. The total number of layers for four filters is 57 layers. From Fig. 3 , we observe that the four filters all achieve reflectivity over 99% for between 284 nm and 345 nm and nearly 100% in the range of 291-340 nm. The high reflectivity guarantees that almost no light can transmit through the filters in this region. In solar-blind region, the number of periods of anti-reflection coating between air and periodic PC units can influence obviously spectral performance. The reflectivity decreases with increasing periods of anti-reflection coating, and the reflection peak near the left side of the cutoff wavelength of 280 nm exhibits a pronounced reduction from 58% for the filter without anti-reflection coating to 5.5% for the filter with 3-period anti-reflection coating, showing an about eleven fold reduction. In addition, the reflectivity for 3-period anti-reflection coating filter is lower than 5.5% for within 240-278 nm. The low reflectivity assists light transmission from filter into AlGaN APD.
The reverse I-V curves for the GaN/AlGaN APD, designed Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD, and conventional AlGaN APD in dark and at 270 nm UV-light illumination are calculated by Atlas simulation program (see Fig. 4 ). The physical model and the parameters needed for calculation are similar to those in our most recent work, but the absorption and ionization coefficients come from [11] and [12] . The power density of UV-light is 5 Â 10 À5 W/cm À2 . From Fig. 4 , it can be seen that avalanche breakdown voltage for the designed Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD is 89.43 V and approaches the breakdown voltage 87.18 V of GaN/AlGaN APD. In this work, the calculation method of avalanche gain is same as [1] . As shown in Fig. 4 , the maximum avalanche gain for 6 N multiplication layer is the same as that of the reverse-bias and built-in field and, hence, helps to reduce avalanche voltage value and improves multiplication gains [13] . For the conventional AlGaN APD, the hole and electron ionization coefficients fall about 20-30 times relative to that of GaN [12] . As a result, the maximum gain drops dramatically to 4:3 Â 10 4 , and breakdown voltage rises to 112.04 V. 6 N absorption layer compared to the conventional APD, which benefits the transport of hole from absorption into multiplication layer and results in a larger photo-current in designed APD, as observed in Fig. 4 .
From Fig. 5(a) , It can be observed clearly that there is a high field about 3:52 Â 10 5 V/cm near the interface between the Al 0.4 Ga 0.6 N absorption layer and n-Al 0.5 Ga 0.5 N layer due to the polarization induced charge, which may bring about the breakdown away from the multiplication region in the device [13] . In order to determine whether the breakdown is produce at this high field region, we reduce this polarization field by inserting a 15 nm graded n-type from n-Al 0.5 Ga 0.5 N layer to Al 0.4 Ga 0.6 N absorption layer with the Al mole fraction linearly grading from 0.5 to 0.4 in Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD, as suggested in [14] . The thickness of n-Al 0.5 Ga 0.5 N layer was reduced by 15 nm to keep the same thickness of the structure. The electron concentration of 6 N APD with 3-period anti-reflection coating PC filter exhibits a smoother curve and a high peak value of spectral responsivity compared to the APD without anti-reflection coating thanks to its smaller reflectivity in whole solar-blind region. In comparison with the conventional APD, the designed APD has steeper cut-off edge resulted from the high reflectivity of PC filter in PBG. If we define the ratio of responsivity of 270 nm and 390 nm as the ultraviolet/visible rejection ratio, the maximum spectral responsivity and ultraviolet/visible rejection ratio of the designed APD are enhanced near 110% and 230%, respectively. 
Conclusion
In summary, a 1-D PC filter with optimized 3-period anti-reflection coating between air and periodic PC units is designed to improve the performances of the AlGaN solar-blind APDs. The results show that the proposed back-illuminated SAM Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD integrated with this filter exhibits a smoother spectral response curve, a higher spectral responsivity, and a steeper cut-off edge, and its maximum spectral responsivity and ultraviolet/visible rejection ratio are enhanced near 110% and 230%, respectively, when compared with those of the conventional AlGaN APD. In addition, the avalanche gain of the Al 0.15 Ga 0.85 N/Al 0.4 Ga 0.6 N APD is increased very close to that of GaN/AlGaN APD partially due to the introduction of polarization electric field in the multiplication layer. 
